Introduction
Among the processes of developing a polarized neuron from an undifferentiated neuronal precursor is the extension of neurites and their differentiation into dendrites and axons. The formation of synaptic contacts, myelin sheaths and nodes of Ranvier lends complexity to the surface of neurons. To generate such diversity and specialization of membrane domains a complex series of events occurs during differentiation, involving targeting of axonal or dendritic components to their destination by specific sorting. transport and placing mechanisms. Once in place, specific transporters, cell adhesion molecules and ion channels must have their tendency to diffuse in the plane of the plasma membrane reduced by locking mechanisms that lower their diffusion coefficients. Furthermore, such factors as the shape and dimensions of the cell (including the diameter of the axon that specifies the conduction speed of the action potential) must be specified. Clues to the mechanisms of each of these processes have begun to emerge in the past 8 to 10 years and recent progress has been very rapid. An emerging concept is that cytoskeletal specializations in the cortical cytoplasm control many events at the plasma membrane, and communicate morphological information from the cytoskeleton in the inner cytoplasm to the plasma membrane. Such cortical cytoskeletal specializations are morphologically obvious at points such as nodes of Ranvier and post-synaptic densities where clusters of intramembrane particles (detected in freeze-fracture analysis of the plasma membrane) can be correlated with the presence of high concentrations of filamentous actin. I Iowever, in addition to these specializations, some components of the cortical, or plasma membrane-associated, cytoskeleton are broadly distributed. It seems that the cytoskeleton has a broad role in dictating membrane structure.
The membrane skeleton: roles of spectrin, ankyrin and A60
The structure of the plasma membrane-associated Abbreviations used: DKG, dorsal root ganglion; MAP, microtubule-associated protein; MSK, plasma membrane-associated cytoskeleton; NCAM. neuronal cell adhesion molecule; NP, neurotilamcnt. cytoskeleton (MSK) has been detailed in numerous recent reviews (e.g. [ l]), and need not be described exhaustively here. However, we should note that two proteins, brain spectrin (also known as fodrin or calspectin) and ankyrin, are important in linking cortical cytoplasmic actin through to plasma membrane integral proteins. Hoth spectrin and ankyrin, whose prototypes were defined in the mammalian erythrocyte, can bind to transrnembrane proteins. These include (for spectrin) the high-molecularweight form of the neuronal cell adhesion molecule (NCAM) [2] 61 . By providing linkages through to the cytoplasmic filament systems, spectrin and ankyrin sufficiently reduce the diffusion coefficients of these proteins so that they are effectively locked in place at the required points. Indeed it is striking that the diffusion coefficient of Na+ channels in the plane of the membrane of the axon initial segment of cultured neurons is extremely low [7] : this has been suggested to be a consequence of segregated ankyrin within these cells. T o provide the degree of membrane domain specialization required, isoforms of spectrin and ankyrin are located specifically in axons and dendrites. Axons of mammalian neurons are characterized by an isoforni of spectrin that is similar to generic forms (fodrin type) found in many tissues [8]. By contrast, mature dendrites have a specialized form of spectrin closely related to erythrocyte spectrin; the smaller subunit (235 k h , designated 235B) seems to be a product of the same gene as the erythrocyte spectrin /? chain (220 k n a ) but translated from a differentially spliced mRNA [ 91. Several ankyrin polypeptides are also present [ 10, 1 I]. The best characterized of these are the '13' and ' R forms. Ankyrin H is a doublet of polypeptides (210 kDa and 220 kna) with a broad distribution [12] [13] [14] . It is concentrated in dendrites where its role is to link spectrin through to a variety of membrane proteins whose identities have not yet been firmly established, but may include the highmolecular-weight ankyrin-binding glycoprotein, ARGP [S] . In axons and cell bodies at least two other genes are expressed to give ankyrin isoforms referred to as the R (restricted) isoforms [ 14, IS] . These have roles in localizing Na' channels and Na' /K'-ATPase isoforms at nodes of Ranvier. Their importance is emphasized in studies of mice defective in one ankyrin R gene, which undergo neuronal degeneration [ 161.
A difficulty with a model for a membrane skeleton based purely on proteins defined by analogy with the erythrocyte is that it is hard to bring in concepts of very precise targeting and communication with the cytoplasmic cytoskeleton, except by invoking the (generally weak) interactions that spectrin and ankyrin are known to have with neurofilaments and microtubules (eg. [ I 7-191) . It also seems reasonable that other proteins, possibly neuron specific and not predicted from the erythrocyte model, may be involved. This concept has been reinforced by the discovery that the well known growth cone protein GAP-43 is part of the membrane skeleton [ 20. 2 1 ] : there is some evidence to suggest it too interacts with spectrin [22] . Two other neuronal proteins not predicted from the erythrocyte are part of the membrane skeleton, ~10.7. a post-synaptic density protein [Z3] , and A60, an axon-specific protein [24] .
A60 is a neuron-specific protein that is con- Other preparations that do not contain it include microtubules (cold labile or cold stable), synaptic vesicles and post-synaptic densities. The presence of A60 in the two extracts mentioned above correlates with its two detected in nitro activities, namely that it binds ankyrin and neurofilaments. In the case of neurofilaments, its nearest neighbour when bound is the 68 kDa subunit (NF-I,). What is not clear as yet is whether it can cross-link neurofilaments to ankyrin. If so, then one might propose a role for it in the morphological specification of axons by communicating structural information about the cytoplasmic skeleton through to the plasma membrane. Neurofilaments are suggested to control the calibre of axons; however, they are generally not very close to the membrane. Bridges between the membrane skeleton and cytoplasmic neurofilaments via A60 would allow communication of morphological specification from the cytoplasm to the membrane. On the other hand it may just be that the interaction of A60 with neurofilaments merely represents an interaction that occurs while A60 undergoes axonal transport, and its real purpose is confined within the membrane skeleton. These possibilities cannot be distinguished at present, although the strength of the interaction of A60 with neurofilaments revealed in recycling experiments of polymerization and depolymerization argues for a significant structural role.
Development of the membrane skeleton
As precise locations can he ascribed to membrane skeletal proteins which correlate m i t h their presumed activities, it is important to examine how they are expressed during development so as to determine the stage of neuronal development at which they are required. This leaves axons with the original orientations of microtubules ( + or fast growing ends uniformly oriented away from the cell body), but dendrites with microtubules of mixed orientation. Hlack and Baas [29] have suggested that this allows differential transport of both proteins and mRNA between the two compartments; this would mean that axonal membrane proteins would be selectively transported into the axon, for insertion into the plasma membrane at the growth cone. If they travelled in complex with an ankyrin isoform, upon insertion into the membrane, they would become linked to spectrin (prepositioned by its interaction with GAP-43). The differentiation of the plasma membrane to allow functional signalling is accompanied by the expression of a large (440 kna) isoform of ankyrin in rats [30] . The function of this ankyrin isoform is Volume 20 not known, but it is located (among other places) in the axons of the parallel fibres of the molecular layer in cerebellum. It might be speculated that during the incorporation of signalling molecules (eg. Na' channels; Na+/K+-ATPase) it is required for their correct placement. Subsequently this ankyrin is downregulated and seems to be replaced by the adult forms of R and R ankyrin, which accumulate towards adult levels as axons become capable of producing action potentials. It is also notable that the timing of expression of the 440 kI>a ankyrin and its location is coincident with that of microtuhule-associated protein MAPlx [ 3 I ] and with the tyrosinated form of tubulin [32] .
I luring the differentiation of dendrites. the neuronal erythroid-type spectrin (designated 240/ 235E) is expressed [26] . Its timing of expression is not dissimilar to that of the large isoform of NCAM, and spectrin-NCAM interactions may dictate the final stability and placing of NCAM-mediated cell-cell interactions [2, 331. An interesting extension tc the evidence of spectrin compartmentalization has been the observation that in dorsal root ganglion cells (I)K(k), which do not have extended dendrites, the axon only has (like other axons) the generic spectrin (fodrin type) 1341. On the other hand, spectrin 240/ 23SE is present in the perikarya. Thus, even in the absence of extended dendrites. spectrin compartmentalization occurs. The distribution of 240/235E in these cells is identical to the distribution of the cytoplasmic microtubule-associated protein MAP2, normally associated with dendrites, and confined closely to the perikarya of DRGs 13.51. Ilirokawa (361 has suggested that the mechanism that prevents accumulation of MAP2 in axons includes a very rapid degradation of the protein as it enters axons: perhaps such mechanisms might apply to spectrin 240/235E. A60. like the generic spectrin, is expressed very early in rat neuronal development ([37] and A. J. Ikiines et al.. unpublished work). Neuronal precursors in the neuronal epithelium of the rhombencephalon are enriched in cytoplasmic A60 while they are still dividing. However, the accumulation of 1\00 there is selective: the other brain vesicles do not contain any. As neurites develop, A60 is held in the perikarya until the initial phase of growth is coinpleted and neurites have begun differentiating into axons and dendrites. Indeed it is very striking that in every rat neuronal type so far examined that expresses AOO, the latter is held back uhile other cytoskeletal proteins. such as the phosphorylated form of the high-molecular-mass neurofilarnent subunit, NF-H, enter the differentiating axon. However, once the axons have been specified, A60 enters axons and is incorporated into the axonal plasma membrane. It becomes incorporated into axonal membranes before myelination takes place. On this basis, we have suggested that the role of A60 is in stabilizing the structure of axons after they have initially been specified. I Iowever, once A60
has played its part here, it is not always needed.
DRGs, for example, degrade A60 by the time myelination has taken place. The expression of A60 in rat brain peaks at postnatal day 2, after which it decreases to about a third of its peak level in adulthood.
Discussion
It is now possible to describe the nature of the role of the membrane skeleton in controlling neuronal plasma membrane structure. W e can now give a first level description of biochemical mechanisms for targeting proteins and holding them at their required destination. €Iowever, one of the most challenging areas of cellular neuroscience at present is defining the relationship between easily observable events in the expression oE neuronal structure and the biochemical detail that underlies the transformation from the mitotic precursor phenotype to the fully functional neuron. Part of the difficulty lies in the nature of the mature neuron which does not divide; for example, transfected cell lines expressing site-directed mutants of the proteins concerned can only be obtained very roughly (for example using neuronal-glial hybrids). Perhaps transgenic and gene-disrupted mice will hold the key to these types of manipulation.
A challenge that will require pursuing both in vivo and in vitro is the elucidation of the relationship between cytoplasmic and cortical cytoskeletons. In one sense they can be described as separate organelles. Extrusion of the cytoplasm from squid giant axons leaves the membrane skeleton still attached to the residual membrane, whereas the cytoplasmic skeleton is extruded and retains much of its original structure [ 381. Taking the difference between the two ;is a way of defining the components of each. it is clear that neurofilaments do not play a major role in membrane skeletal structure. However, they must take part in at least two membrane-related processes. For instance, they seem to have a role in controlling the structure of paranodal regions of mammalian myelinated axons: direct bridges can be detected running between the paranodal membrane and neurofilaments [ 391. Perhaps more generally, neurofilaments have been suggested to have the dominant role in determining axonal calibre [40] . However, if they are not connected directly to the membrane (or even close), then how can they transmit morphological specification to the membrane? One possibility that we are exploring at present is that A60 can act as a n adaptor between the membrane skeleton and the cytoplasmic skeleton. It may be that A60 (or similar proteins) can transmit morphological specification to the plasma membrane.
